Background It has been suggested that maternal vitamin D status in pregnancy influences the risk of asthma and atopy in the offspring. The epidemiological evidence to support these claims is conflicting and may reflect chance findings and differences in how vitamin D was assessed. Objective To examine the association between blood total maternal 25-hydroxy vitamin D (25(OH)D) concentrations in pregnancy and offspring asthma, atopy and lung function in the largest birth cohort study to date. Methods Participants were largely of white European origin and resident in the South West of England. We examined the associations of maternal 25(OH)D concentrations in pregnancy with the following outcomes in the offspring: wheeze, asthma, atopy, eczema, hayfever, at mean age 7.5 years (n = 3652-4696 depending on outcome), IgE at 7 years (n = 2915) and lung function and bronchial responsiveness at mean age 8.7 years (n = 3728-3784). Results Sixty-eight per cent of mothers had sufficient (> 50 nmol/L) concentrations of 25 (OH)D, 27% were insufficient (27.5-49.99 nmol/L) and 5% were deficient (< 27.5 nmol/L). There was no evidence to suggest that maternal 25(OH)D concentration in pregnancy was associated with any respiratory or atopic outcome in the offspring. These findings remained after adjustment for season of measurement and for potential confounders. There was also no evidence that these relationships followed a non-linear form and no evidence that either deficient or high concentrations of maternal 25(OH)D were associated with atopic or respiratory outcomes. Conclusions We found no evidence that maternal blood 25(OH)D concentration in pregnancy is associated with childhood atopic or respiratory outcomes.
Introduction
Vitamin D may play an important role in normal fetal lung and immune system development [1] and there is increasing speculation that maternal vitamin D status in pregnancy might be causally linked to the development of asthma and atopy in the offspring. It has been argued that maternal vitamin D deficiency might, at least in part, explain the rising prevalence of asthma and allergic disease in some countries [2] . However, an opposing argument holds that the increasing prevalence of asthma and atopy may be partly a consequence of the fortification of childhood foods with vitamin D and hence high vitamin D status in early childhood [3] [4] [5] [6] [7] .
Studies of maternal dietary intake have mostly reported inverse relationships between maternal vitamin D intake in pregnancy and early childhood wheeze, asthma, allergic rhinitis and eczema [8] [9] [10] . However, a major limitation of these studies is that diet makes a relatively minor contribution to total vitamin D status, which is derived largely from photosynthesis in the skin. Hence, the value of analysing dietary vitamin D intake alone as a means of effectively establishing the influence of vitamin D on outcomes has been questioned as it leads to considerable misclassification of total exposure. The gold standard measure of vitamin D status is the blood concentration of 25-hydroxyvitamin D (25(OH)D) [11] . Findings from studies using maternal [5, 12, 13] or cord blood [14, 15] concentrations of 25 (OH)D have been conflicting. Three recent studies from the United Kingdom, United States and Spain that examined its association with childhood asthma were null [12, 13, 15] , though one reported a U-shaped association between cord blood 25(OH)D and IgE and aeroallergens [15] . One study from New Zealand reported a negative association with asthma [14] , but another UK study reported a positive association -a higher risk of childhood asthma and wheeze among offspring born to mothers with the highest 25(OH)D concentrations (> 75 nmol/L) [5] . Factors such as residual confounding, chance results attributable to small sample sizes and differences in how vitamin D exposure and childhood outcomes were measured (i.e. whether by dietary intake estimation or blood concentrations), may explain some of this between study heterogeneity.
Given these inconsistent findings, we have investigated whether maternal 25(OH)D concentrations during pregnancy are associated with atopic and respiratory outcomes in the offspring in a large population-based birth cohort study. Ours will be the largest and most comprehensive (in terms of the range of related outcomes assessed) study to date of these associations.
Materials and methods

Participants
The Avon Longitudinal Study of Parents and Children (ALSPAC) is a prospective population-based study that recruited a cohort of 14 541 pregnancies resident in the South West of England with expected dates of delivery from 1st April 1991 to 31st December 1992 (http:// www.alspac.bris.ac.uk.) [16, 17] . A total 13 678 singleton live born infants resulted from these pregnancies. Figure 1 shows the flow of participant through the study to the eligible sample for this study. Only singleton live born offspring whose mother had a valid pregnancy 25(OH)D concentration and who had data on at least one outcome were considered eligible (N = 5515). Ethical approval for this study was obtained from the ALSPAC Law and Ethics Committee and the Local Research Ethics Committee.
Outcomes
When the children were 7.5 years old, the mothers were asked: 'Has your child had any of the following in the past 12 months: wheezing; asthma; eczema; hayfever?' Children were defined as having current doctor-diagnosed asthma (primary outcome of interest) if mothers responded positively to the question: 'Has a doctor ever actually said that your study child has asthma?' and positively to one or both of the questions on wheezing and asthma in the past 12 months. Forty-four per cent of children fulfilling this definition of asthma demonstrated bronchial hyperresponsiveness as defined by a fall in forced expiratory volume in 1 s (FEV1) of 20% or more following methacholine challenge up to and including the maximum dose PD20 (1.2 mg) and 52% were atopic.
Atopy at 7 years was defined as a positive reaction (defined as a weal diameter ≥ 2 mm) to Dermatophagoides pteronyssinus, cat or grass (after subtracting saline reactions from histamine and allergen weals and excluding children unreactive to 1% histamine). Serum total IgE was measured by fluoroimmunoassay using the Pharmacia UNICAP system (Pharmacia & Upjohn Diagnostics AB, Uppsala, Sweden).
Pulmonary function was measured at the 8-year clinic at mean age 8.7 years (SD: 0.27) using a Vitalograph 2120 electronic spirometer with a computerbased on-screen incentive (Vitalograph, Maids Moreton, UK Figure S1 in the Online Repository). As bloods were sampled at random gestational lengths during pregnancy, to make the measures more comparable across mothers, we adjusted each woman's measure of 25(OH)D to the date corresponding to their respective 3rd trimester midpoint (34 weeks) using a sine-cosine regression model. We chose the 3rd trimester because the majority of mothers were sampled in this trimester. This variable incorporates the seasonal influence on 25(OH)D. To remove this seasonal influence in an attempt to obtain a marker of habitual vitamin D concentrations for each mother, we used the residuals from the sine-cosine regression model. Similar trigonometric models were fitted in the offspring to adjust for season as just described. More details on the derivation of these variables are provided in the Online Repository.
Main analyses. Logistic regression was used for binary outcomes and linear regression for continuous outcomes. IgE was log transformed to reduce positive skewness. Three main sets of regression models were considered: first a minimally adjusted model, adjusting for maternal age and offspring sex; second a confounder-adjusted model, adjusting for socio-economic variables, housing conditions, lifestyle behaviours, illnesses during pregnancy, ethnicity, and several other maternal characteristics; and third a model adjusting for these confounders plus additional adjustment for the seasonal pattern of maternal 25(OH)D. This last model was fitted in two steps, first the seasonal trend in maternal 25(OH)D was removed (as explained above), and this resulting variable was then used as the exposure in regression models. Where we found a suggestive association (suggestive in terms of a dose-response trend across quintiles of exposure) with 25(OH)D and an outcome, we fitted additional models with further adjustment for potential mediators, first, adjusting for gestational age and size at birth (birth weight, birth length, head circumference) and size at 7 years (BMI), and second, additionally adjusting for the offspring's seasonally adjusted 25(OH)D levels. Online Repository Table S1 details the variables in each of these models. Maternal 25(OH)D was modelled using quintiles to allow us to explore non-linearity, as suggested by others [15] . Wald tests were used to perform tests of general association vs. the null hypothesis of no association.
Additional analyses. To test whether associations were driven by a threshold effect of greater risk in those whose mothers had insufficient levels of vitamin D, we examined associations of categories of 25(OH)D levels (≥ 50 nmol/L; 27.5-49.99 nmol/L and < 27.5 nmol/L) with outcomes, we also repeated analyses using 75 nmol/L as a higher threshold for sufficiency as recommended in a more recent review [23] . As a sensitivity analysis we also estimated the association between maternal 25(OH) D and longitudinal wheeze phenotypes from birth to 7 years. These phenotypes were extracted using latent class models and distinguish between types of wheeze based on persistence of symptoms [24] (see Online Repository). Lastly, as airway development occurs in the first trimester, we tested the interactions between maternal 25(OH)D concentration and the trimester of blood sample (categorized as a binary variable indicating 1st trimester) in models of pulmonary function. Here, each mother's 25(OH)D concentration was adjusted to the midpoint of their respective trimester of measurement (using the models described above). If the effect of maternal 25(OH)D was stronger in the first trimester, then this would provide some evidence of a causal effect around a sensitive developmental period because we would expect maternal 25(OH)D to be similarly confounded across trimesters.
Dealing with missing data. To increase efficiency and minimize selection bias, we used multivariate multiple imputation [25] to impute missing values of covariables for eligible participants (see also Online Repository). We also repeated analyses including only those with complete data on all each outcome and covariables. Generally, the results were qualitatively similar, with slightly larger standard errors and less power (see Figures S11 and S12 in the Online Repository where sample sizes are also provided).
Results
Sample description and dataset
Of the 5513 maternal-offspring pairs included in this study ( Fig. 1) 1397 (25%), 1223 (22%) and 2893 (52%) of the mothers had 25(OH)D assessed in the first, second and third trimester, respectively, and 2884 (52%) of the offspring were male. The majority of the mothers had sufficient levels of 25(OH)D (≥ 50 nmol/L: 68%) and only a small proportion were deficient (< 27.5 nmol/L: 5%) ( Table 1 and Figure S3 ). Similarly, among offspring at mean age 9 years, few had deficient (1.3%) or insufficient levels of 25(OH)D (21.0%). The prevalence of reported wheeze and asthma in this cohort at 7 years was approximately 10% (Table 1) . Table 1 compares the main outcomes and exposures in the eligible sample included in the main analyses presented here and in those who were excluded because they did not have both an outcome measure and a measure of maternal 25(OH)D. Mothers of offspring with missing outcome data tended to have lower concentrations of 25(OH)D compared with those with available data, while there was no difference in the prevalence of any of the atopic outcomes between offspring of mothers with an exposure measure and those without. Mothers of offspring with missing data tended to be younger, of higher parity, from non-white ethnic groups, more likely to smoke and consume alcohol during pregnancy, from lower socio-economic groups, have higher levels of obesity, be less likely to be exposed to damp and mould in the home, have higher exposure to antibiotics and paracetamol during pregnancy and slightly lower reports of eczema, rhinoconjunctivitis, cold and flu and other infections. Eligible offspring with missing outcome data were less likely to be born at term and on average had a lower birth weight and a smaller head circumference (results not shown).
Association between maternal 25(OH)D and covariables
Online Repository Table S2 shows the unadjusted associations of maternal characteristics with their 25(OH)D concentrations. Older and multiparous mothers had higher 25(OH)D concentrations. Mothers who were obese or underweight, exposed to tobacco smoke, and of non-white ethnicity had lower mean 25(OH)D concentrations. Home ownership, higher education levels and alcohol intake during pregnancy were associated with higher 25(OH)D concentrations. Slightly higher concentrations of 25(OH)D were seen among mothers that took antibiotics during pregnancy while there was no evidence of an association between maternal atopic history and 25(OH)D concentration. There was a modest correlation between season adjusted serum concentrations of 25(OH)D of pregnant mothers and those of their offspring (r = 0.16) Seasonally adjusted maternal 25 (OH)D concentrations were strongly correlated with the predicted third trimester concentrations that were not adjusted for season (r = 0.88). Figure 2 shows the associations of maternal 25(OH)D with each of the asthma and atopic outcomes (these are also tabulated in Online Repository Table S3 ). Maternal 25(OH)D was not associated with any of the asthma/ atopic outcomes. These null associations remained after adjustment for potential confounders and for season of measurement and there was no suggestion that offspring of mothers with very low (27.5 nmol/L) or high levels of circulating 25(OH)D were at an altered risk for atopic outcomes (see Figures S4 & S6 in Online Repository). In analyses using the longitudinal wheeze phenotypes, there was also little evidence to suggest any association with maternal 25(OH)D even when comparing persistent wheezers to infrequent or no wheezers (see Figure S9 in Online Repository). Figure 3 shows the associations of maternal 25(OH)D with each of the lung function outcomes (these are also tabulated in Online Repository Table S3 ). In unadjusted models, there was a weak suggestion of a threshold association between maternal 25(OH)D and FVC, FEV 1 and BHR -offspring of mothers in the lowest quintile of 25(OH)D (< 38 nmol/L) tended to have poorer lung function and a higher odds of BHR compared with those from mothers in the higher quintiles. This pattern was attenuated after adjusting for potential maternal confounders and in particular for seasonality and the potential mediating effect of offspring growth. Furthermore, while this appeared to a be a qualitative dose-response relationship, there was actually no statistical evidence to support this overall relationship, and reanalysing 25(OH) D as categories of deficient, insufficient and sufficient [23] and using a threshold of 75 nmol/L also showed null results for a test of overall association (see Figures S5, S7 & S8 in online repository). As a post hoc analysis to further examine the suggestive trends in Fig. 3 , we fitted equivalent models using age, height and sex standardized lung function outcomes at 15 years and there was no evidence that the patterns described above existed at this later age (see Figure S10 in Online Repository). There was a suggestion of an overall association between seasonally adjusted maternal 25(OH)D and FEV 1 and FEF at 15 years although the pattern across quintiles was inconsistent, for example, compared with quintile 1, quintiles 2 and 4 had positive associations with FEV 1 and FEF , whereas quintiles 3 and 5 showed no association.
Maternal 25(OH)D and asthma and atopic outcomes
Maternal 25(OH)D and lung function
Our tests of an interaction between trimester of measurement and maternal 25(OH)D, did not provide evidence that associations differed depending upon which trimester of pregnancy 25(OH)D was assessed in (P > 0.4 for all interaction tests).
Discussion
Summary of main findings
In the largest study to date to examine the association of maternal 25(OH)D concentrations in pregnancy with offspring asthma, atopy and lung function, we found no evidence of a relationship between maternal 25(OH) D concentration and childhood wheeze, asthma, atopy, eczema, hayfever, IgE or pulmonary function, and no suggestion that either high or low concentrations of maternal 25(OH)D were associated with an increased risk of these outcomes. These findings were consistent regardless of adjustment for a range of potential confounding factors, including the seasonal influence on 25(OH)D.
Strengths and limitations
The main strengths of this study are the large sample size, consideration of multiple atopic and respiratory outcomes, control for multiple potential confounders, incorporation of statistical methodology to account for missing data, use of several derivations of the maternal 25(OH)D exposure to check the robustness and sensitivity of our findings and to check the nature (e.g. linearity) of the association with each outcome. Although we acknowledge the possibility of bias arising from loss to follow-up and missing data, we cannot conceive of a mechanism by which the association of maternal 25(OH)D and atopy or lung function would differ in the incomplete cases. Furthermore, our imputation model was relatively comprehensive in terms of the number of factors that predict the missing data and so would give unbiased results under an assumption that the data are missing at random. Serum 25(OH)D was assessed at only one time-point during pregnancy, Table S1 in the Online Repository for a description of the covariables included in each model. this is unlikely to be representative of a mothers circulating levels over the whole of pregnancy and may have biased our results towards the null. Nonetheless, this single time-point assessment is the same as in other studies of this association and we would still have expected to find evidence of an association, if one existed, given the large sample size. Only a small proportion of mothers and offspring had deficient levels of 25(OH)D and the majority of mothers had levels below 75 nmol/L, so it is possible that we were unable to detect true associations operating at these levels. However, given the large sample size, and the range of vitamin D values, we would have expected to see some evidence of qualitative trends if this were the case and none was present. Furthermore, from a public health perspective maternal pregnancy vitamin D as a risk factor for future offspring atopy or respiratory health would only be of major importance if it was relevant to most of the population and not only those members at the extremes. Although we used carefully constructed models to derive each mother's exposure to 25(OH)D, these models were based on only one measure of 25 (OH)D per mother taken at a random date during pregnancy. It is possible that this is a poor marker of vitamin D levels over pregnancy. However, we have examined this exposure in several ways and find no evidence that associations differ by trimester in which 25(OH)D was assessed and consistent null associations were found for all methods of 25(OH)D assessment. Serum 25(OH)D has been criticized as a proxy for vitamin D associations. For instance, it has been suggested that there is a need to distinguish between serum 25 (OH)D and effects of vitamin D supplementation, the former being a prohormone representing a physiological state that is only relevant at extremely high or low levels, and the latter representing the non-physiological action of interest [4] . Thus, the null findings here do not necessarily preclude important effects from supplementation, although trials have shown a positive and strong association between supplementation and 25(OH) D levels [26, 27] .
Comparison with other studies
The null findings seen in our study agree well with a recent analysis of maternal 25(OH)D measured in the 3rd trimester in a smaller UK cohort (Southampton Women's Study) which bears close resemblance to ALSPAC in terms of population and geographic location [13] . Likewise, similar null associations have been reported from studies of maternal 25(OH)D and cord blood 25(OH)D in the United States [15] and Spain [12] . Only one study reported a negative association with cumulative wheeze to 5 years, but that study also found no association with asthma [14] . We could find no association with persistent wheeze to 6 years, even when examining those with and without atopy (results not shown). Although we could not directly investigate the association of maternal 25(OH)D with early life respiratory infections, the lack of association with transient early wheezing phenotype argues against a protective effect of prenatal vitamin D on respiratory viral Table S1 in the Online Repository for a description of the covariables included in each model. infections in early childhood. It is possible that the only reported positive association of high maternal 25(OH)D with a higher risk of asthma in a UK cohort was a chance finding given the small sample size (< 500) [5] .
The majority of positive findings come from studies of maternal dietary intake of vitamin D in pregnancy [8] [9] [10] 28] . However, given that vitamin D intake is a poor proxy for total vitamin D status [11] , apparent associations with dietary vitamin D may have been confounded by other dietary or non-dietary factors which had not been controlled for in those birth cohort studies. By way of analogy, in a study of vitamin D and adult lung function we found that, whilst there were apparent associations with dietary vitamin D intake, there was no evidence for an association with blood 25(OH)D concentrations [29] . Alternatively previous positive dietary findings may have arisen through chance or represent publication bias. In support of this, it is notable that analysis of the association of maternal dietary vitamin D with offspring asthma, wheeze and atopy in both the Southampton Women's Survey [13] and ALSPAC [30] failed to demonstrate an association.
Although animal studies have shown that vitamin D is involved in normal fetal lung development [31] , our study is in general agreement with other epidemiological studies that have considered later offspring lung function in the general population -two studies have reported null associations of maternal 25(OH)D [13, 32] or dietary vitamin D intake [32] with offspring lung function.
Conclusion and implications
Our results, from the largest study to date, suggest the absence of a clinically important association between maternal 25(OH)D and offspring respiratory health or atopy. In particular, we have not found evidence to suggest that higher prenatal vitamin D status in pregnancy protects against the development of early childhood wheezing or later asthma. Whilst definitive evidence will only come from randomized trials of vitamin D supplementation during pregnancy, which are currently underway (e.g. see ISRCTN68645785) our results suggest that these interventions are unlikely to be beneficial for these outcomes. Reassuringly, our data also suggest that higher maternal vitamin D status in pregnancy is unlikely to increase the risk of atopy in the offspring.
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